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ABSTRACT
Minimizing Trihalomethane Formation through Source Water Monitoring and
Optimizing Treatment Practices
Nashid Mirza

Trihalomethanes, a family of halogenated disinfection byproducts, are prevalent in finished
drinking water. According to USEPA’s Disinfectants and Disinfection Byproducts Rules
(DBPRs), the regulatory standard of the total trihalomethanes (TTHMs) is 80 μg/L, and water
treatment plant operators are required to closely monitor TTHMs in the finished water on a
quarterly basis. Although total organic carbon (TOC) has been identified as a precursor for the
TTHMs, knowledge gaps still exist in how specific water and treatment related factors (e.g., intake
water quality, seasonal variation, contact time, and treatment train) affect TTHMs formation.
Focusing on water treatment plants in southwestern Pennsylvania, the objectives of this study
include 1) developing a predictive statistical model for TTHMs level using source water quality
data, and 2) analyzing the effects of water treatment and distribution factors on TTHMs formation.
Water quality data were collected through monthly sampling at three water authorities and five
distribution points from September 2018 to May 2019. These data were used to explore statistical
relationships between intake water quality and TTHMs formation in the distribution systems. Two
regression models were developed to predict TTHMs level using relevant water quality parameters
including TOC, chloride, and temperature. Based on the analysis, the TOC level at the intake
water greatly impacted the TTHMs formation, and the TTHMs level was higher during September
and October when the temperature and TOC levels were elevated. With low bromide (mostly
undetected) in the source water, the THM species in the finished water were dominated by the
ii

chlorinated species. A comparison between the predicted and measured TTHMs data showed that,
in most cases, the error was greater than 10%. This is attributed to the effects of plant specific
treatment operation on TTHMs formation. To achieve the second objective, analyses were
conducted using the treatment related data collected from the Borough of Charleroi Water
Authority. It was observed that installation of a sedimentation basin helped to reduce the TTHMs
level. Based on these findings, recommendations are provided to reduce TTHMs including
introducing alternative disinfectant, maintaining minimum retention time, and flushing low
demand distribution networks.
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CHAPTER 1 : INTRODUCTION
1.1 Background

The practice of drinking water disinfection to remove pathogens is considered as one of the greatest
achievements of the 20th century. Chlorine has been used as the principal disinfectant since the
evolution of this technique. However, the discovery of chloroform by Rook in the early 1970s,
arose a great concern for the unintended public health hazard of disinfection by-products (DBPs,
Rook 1974). The ongoing concern for chlorination is the formation of trihalomethanes (THMs), a
family of DBPs including chloroform, bromodichloromethane, dibromochloromethane, and
bromoform. Studies have shown increased risks of bladder cancer, rectal cancer, mutagenicy, and
retardation of fetal growth in human because of exposure to THMs (Villanueva et al. 2004; Cantor
et al. 1998; Bove, Rogerson, and Vena 2007; Wright, Schwartz, and Dockery 2003). Due to such
associated risks, the United States Environment Protection Agency (USEPA) established THMs
standard of 100 μg/L (ppb) in 1979. Later on, the first and second stage Disinfectants and
Disinfection Byproducts Rules (DBPRs) were promulgated by USEPA to reduce exposure to
BDPs in 1998 and 2006 respectively ( USEPA 1998;USEPA 2006). In 2002, the DBPR affected
the routine monitoring of surface water treatment plants serving at least 10,000 people. Small
plants were required to monitor at locations with the highest DBPs based on initial distribution
system evaluation starting in the first quarter of 2004. The USEPA’s Drinking Water Standards
have set a maximum contaminant level (MCL) for total trihalomethanes (TTHMs) at 80 μg/L in
2006 using locational running annual averages (LRAAs). In addition, a stringent maximum
contaminant level goal (MCLG) for chloroform and dibromochloromethane are required to be
maintained (Table 1-1). Other regulated BDPs include five haloacetic acids (HAA5), bromate and
1

chlorite. There are established maximum residual disinfection level goals (MRDLGs) and
enforceable maximum residual disinfectant level (MRDL) standards for three chemical
disinfectants-chlorine, chloramine, and chlorine dioxide. Under DBPR stage 1 and stage 2, there
is also a requirement for total organic carbon removal (TOC).
Table 1-1: Regulated contaminant levels by the Stage 1 and Stage 2 DBPR Rule (USEPA 2006)
Regulated Contaminants

MCL (mg/L)

TTHM

MCLG (mg/L)

0.08
Chloroform

0.07

Bromodichloromethane

Zero

Dibromochloromethane

0.06

Bromoform

Zero

HAA5

0.06

Bromate (plants that use ozone)

0.01

Zero

Chlorite (plants that use chlorine
dioxide)
Regulated Disinfectants

1

0.80

MRDL (mg/L)

MRDLG (mg/L)

4.0 as Cl2

4

4.0 as Cl2

4

0.8

0.8

Chlorine
Chloramines
Chlorine dioxide

Past monitoring of THMs has shown that violations in drinking water systems are prevalent in the
United States. A study on nationwide health-based violations in 17,900 community water systems
during 1982- 2015 indicated that out of total 95,754 violations, most prevalent violations were
caused by total coliforms and DBPs (Allaire et al. 2018). Another report of EPA stated that 3508
2

community water systems were out of compliance with the health based standards during 2017, of
which 31% were attributed to violation of stage 2 DBPR rule (Thompkins 2018). It is evident that
community water systems are struggling to maintain the MCL of TTHMs and/or maximum
residual of disinfectant according to the Stage 2 BDPR rule. Although treatment plant operators
often encounter TTHMs levels above the 80 μg/L primary drinking water standard, workable
guidelines for reducing THM levels are not available.
Trihalomethane removal strategies can be categorized in three approaches: a) removal of the DBPs
precursor b) modifications and optimization of treatment and disinfection practices to minimize
THMs formation and c) removal of DBPs after formation. The formation of THMs in treated
drinking water is highly influenced by source water quality. Various water quality parameters
such as natural organic matter (NOM), temperature, chlorine dose and residual, contact time, and
bromide concentration have been found to greatly impact the THMs formation (Singer
1994).Higher bromide levels favor the formation of brominated trihalomethanes over the
chlorinated trihalomethanes (Xue et al. 2014) which are even more carcinogenic than chlorinated
analogs (Richardson 2003).

1.2 Problems Scope and Objective
Building upon the Three River Quest (3RQ) study conducted by the West Virginia Water Research
Institute (WVWRI), this study focused on investigating THMs occurrences, violations, and
formation potential in three mid-size water authorities in Southwestern Pennsylvania. WVWRI
has previously monitored all these three intakes and examined the water quality trends. This study
continued and expanded the previous monitoring program by supplementing the earlier data with
the recent measurement of THM precursor’s levels in the source waters of the treatment plants.

3

The study had a two-folded objective: 1) development of predictive models for THMs levels in
the finished waters using source water quality parameters, and 2) evaluation of the treatment
process effects on THMs formation.
To achieve the first objective, we examined relationships between the source water and finished
water quality. The data were then used to develop statistical models to predict THMs levels in
finished water using source water quality parameters. Two multivariate regression models (i.e.,
linear and nonlinear) were developed. A comparison between the predicted THMs levels with the
observed values was conducted for the two models. The relative importance of the predicting
variables of the models was evaluated by conducting sensitivity analysis utilizing Monte Carlo
simulations.
To achieve the second objective, the effects of water treatment operation and distribution on THMs
formation were examined. Specifically, historical treatment related data were collected from a
water authority to investigate how changes in the treatment practices previously had affected
THMs formation. We had also exchanged the knowledge of THMs formation and treatment
practices with the water authority and developed recommendations for THMs reduction.

4

CHAPTER 2 : LITERATURE REVIEW
2.1 THM formation
Trihalomethanes form when chlorine used as disinfectant in water treatment from reacting with
natural organic matter (NOM) in the source water or distribution system. The rate and distribution
of THMs formation primarily depend on the source water characteristics and conditions of
disinfection. The inherent chemical properties such as type and abundance of both organic and
inorganic precursors in the source water play a significant role in controlling the concentration and
speciation of trihalomethanes. Disinfection conditions such as contact time, pH, temperature,
dosages, and residual chlorine concentration are important as well (Singer 1994).
When chlorine is dissolved in water it undergoes the following hydrolysis reaction (Fair et al.
1949):
𝐶𝑙2 + 𝐻2 𝑂 ↔ 𝐻𝑂𝐶𝑙 + 𝐻 + + 𝐶𝑙 −
This rate of reaction is so rapid that it takes very few seconds to complete this hydrolysis even in
ordinary temperature (reference). The oxidizing capacity is basically retained in HOCl,
hypochlorous acid. This acid goes through acid dissociation as follows:
𝐻𝑂𝐶𝑙 ↔ 𝐻 + + 𝑂𝐶𝑙 −

𝑝𝑘𝑎 = 7.4 − 7.8

The acid dissociation constant (pKa) of hypochlorous acid is approximately 7.5 (Carrell Morris et
al. 1922), which is close to the pH of many natural waters. But whenever the pH of water increases,
the percentage of free chlorine in the form of HOCl decreases. The distribution of Cl2, HOCl and
OCl- as a function of the pH at 250C is shown is Figure 2-1 for a chloride concentration of 5x10-3
M.
5

Figure 2-1: Distribution of main free chlorine species as a function of pH at 250C for chloride
concentration of 5x10-3 M (Deborde and Gunten 2008).

2.2 Effect of THMs Precursor

NOM is a heterogenous mixture of complex organic matters that are present in surface water. The
typical chlorine reaction with NOM can be presented as:
𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛 ,𝑠𝑢𝑏𝑠𝑖𝑡𝑢𝑡𝑖𝑜𝑛
𝑎𝑛𝑑 ℎ𝑦𝑟𝑜𝑙𝑦𝑠𝑖𝑠

𝐻𝑂𝐶𝑙 + 𝑁𝑂𝑀 →

𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑠 (𝑇𝐻𝑀𝑠)

The possible reactions of hypochlorous acid with organic compounds can occur in three ways: (i)
oxidation, (ii) addition to unsaturated bonds and (iii) electrophilic substitution reaction at
nucleophilic sites (Deborde and Gunten 2008).
The NOM levels in the water generally measured as either total organic carbon (TOC) or dissolved
organic carbon (DOC). NOM can be fractionated into humic acid and fulvic acids. Babcock and
Singer (1979) chlorinated both humic and fulvic acid to examine their reactivity for THMs
6

formation. Humic acid was found to be more reactive than the fulvic acid and yielded more
chloroforms. A Study by Croué (2004) showed that the largest fraction of NOM corresponded to
the humic materials. This humic material can further be fractionated based on their
hydrophobic/hydrophilic character. When the water contained more hydrophilic carbon which had
larger portion of aliphatic moieties than hydrophobic carbon, chlorination yielded more THMs.
The author also developed a linear regression model using TOC values and found that total TOC
in the river samples did not appear as a significant parameter for predicting THMs. The reason
behind this anomality was attributed to the fact that the chemical composition of different organic
matter fractions plays a more significant role than the amount of TOC for THM formation. In
natural water, NOM variables are difficult to control from the management perspective and
therefore, special attention needs to be paid to the natural variation of the compositions of NOM
due to seasonal changes.

2.3 Effect of pH
Hypochlorous acid is much stronger oxidizing agent than hypochlorite ion. The disinfection
efficiency of chlorine decreases markedly with increase in pH when the hypochlorite ion becomes
dominating species. In an experiment conducted by Nikolaou (2004), the bromine incorporation
factor (BIF) for THMs was almost constant during pH range of 4-9. But pH > 9 resulted in a
significant BIF factor decrease, and this can be explained as a result of the transformation free
chlorine to less the reactive hypochlorite ion. Liang and Singer (2003) reported that change of pH
from 6 to 8 resulted in higher THMs levels and the formation increased with contact time.

7

2.4 Effect of Chlorine dose
Chlorine dose used in water treatment plants is estimated by the chlorine demand of the water and
residual chlorine expected to be present in the distribution water. Increase of chlorine dose was
found to enhance THM formation to a certain maximum amount until the TOC was totally oxidized
by chlorine (Zhang et al. 2012). Thus, the chlorine demand is a better surrogate than the chlorine
dose to predict THMs formation regardless of water sources. The chlorine demand-THMs
formation relationship was reported to be affected by algal driven carbon (Padhi et al., 2019).

2.5 Effect of Temperature
In general, THMs formation has a positive correlation with temperature (Huang, Chen, and Wang
2019; Hua and Reckhow, 2008). However, the BDP formation was found decreased if the water
was incubated at higher temperature before chlorination, which was attributed to increased
microbial activity leading to more degradation of organic precursors (Huang, Chen, and Wang,
2019).

2.6 Effect of Bromide
Presence of bromide in the water, shifts the formation of hypochlorous acid to the hypobromous
acid which in same manner produces hypobromite ion and brominated organic compounds from
reacting with NOM. Though naturally the level of bromide is very low in river water, wastewater
produced from industries such as shale gas development, coal-fired plants, steel mills dumped in
river can cause increase in bromide levels. States et al. (2013) detected levels of bromide higher
than 200 μg/L at the intake of the Pittsburgh Water and Sewer Authority plant in Allegheny River
during year 2010-2011 and reported the formation potential of brominated THMs using the
samples (Figure 2-2).
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Figure 2-2 Correlation of the percentage of brominated THMs in Pittsburgh Water and Sewer
Authority’s finished water and bromide concentrations at the intake in Allegheny River (States et
al. 2013).

Bromoform was reported as the major THM species, followed by dibromochloromethane and
dichlorobromomethane with bromide sufficiently present in the water (Nikolaou 2004). Increased
bromide levels were also reported to increase the concentrations of THMs in the finished water
(Huang, Chen, and Wang 2019). Therefore, elevated bromide levels impact not only the individual
THM species distribution but also the total concentration of THMs.

2.7 Kinetics of THMs Formation
THMs formation kinetics and its activation energy were examined by Masoud et al. (2019) and
pseudo first-order rate constants for various THM species were on the order of 10-5 s-1 with an
activation energy ranging from 28.5 to 30.2 kJ mol-1 (Table 2-1). The data show that the rate
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constant for chloroform was higher than other THM under the same experimental conditions.
Thereby in absence of high bromide level, the chloroform concentration is expected to be the
highest among the formed THMs. The Gibbs free energy was calculated at 25⁰C using the
difference of internal energy and temperature times entropy for the THM fell. The values of the
Gibbs free energy for all THMs fell in the range of 99-100 kJ/mol.
Table 2-1: Psuedo first-order rate constants (K) for THMs formation at various temperature and
activation energies (Masoud, Ismail, and El-Hoshy 2019)
Parameters

Chloroform

Bromodichloromethane

Dibromochloromethane

Total trihalomethane

k (s−1) 10 °C

1.3 × 10-5

1.3 × 10-5

8.9 × 10-6

1.27 × 10-5

k (s−1) 20 °C

1.9 × 10-5

1.9 × 10-5

1.2 × 10-5

1.87 × 10-5

k (s−1) 30 °C

3.1 × 10-5

2.6 × 10-5

1.6 × 10-5

2.85 × 10-5

k (s−1) 40 °C

4.5 × 10-5

3.4 × 10-5

2.1 × 10-5

3.99 × 10-5

Ea (kJ mol− 1)

30.2 ± 1.2

24.4 ± 1.2

21.4 ± 0.3

28.5 ± 0.7

2.8 Effects of Treatment Processes on THMs formation

Platikanov et al. (2012) found that THMs formation took place at three distinct locations of a water
treatment plant in Barcelona: after pre-chlorination, after carbon filter and post chlorination stage.
NOM in the water was identified as the main cause for the DBPs formation, indicating the
importance to remove NOM by the water treatment process before chlorination. Some preferential
pre-treatment methods for NOM removal are coagulation, activated carbon, and resins (Figure 23, Bergman 2016).
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Figure 2-3: Illustration of removal of NOM fractions by various pretreatment processes adopted
from Bergman (2016).

In general, coagulation preferentially removes aromatic, high molecular weight and humic
fractions of the organics. Alum coagulation of humic acid prior to chlorination was found to reduce
not only the TOC concentration by 86% but also chloroform concentration by more than 70%
(Babcock and Singer 1979). Therefore, coagulation before the addition of chlorine can result in a
substantial reduction in the amount of THMs. Though the coagulation with sorbents such as
powder activated carbon (PAC) or anion exchange resin may remove NOM, may not be effective
against the NOM removal associated with fouling.
In order to improve the process of coagulation, pre-oxidation of the water with chlorine or chlorine
dioxide could be used in the water treatment plant to control biological growth and oxidation of
metal ions although that may increase DBPs. Some water authorities have incorporated alternative
disinfectant chloramine which forms less THMs than chlorination. A survey consisting 246
utilities in the U.S. during 2004, 29% of the investigated water systems were using chloramines
for secondary disinfection and another 3% were in the process of converting to chloramines
(Seidel et al. 2005).
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CHAPTER 3 : METHODOLOGY
3.1 Site description
Three water authorities in Southwestern Pennsylvania: Borough of Charleroi Water Authority, Tri
County Joint Municipal Authority and Southwestern Pennsylvania Water Authority utilizing
Monongahela river as source water were selected for this study. All of these treatment plants serve
at least 10,000 people. Some of these water utilities were previously sampled by WVWRI during
multistate water monitoring project: Three Rivers QUEST in 2016 and the continuation of the
sampling has helped to keep record of the source water quality. Water samples were collected
directly from the intake to evaluate the DBP precursor level in the water. Additionally, two points
in the distribution network of the finished water from both the Borough of Charleroi Water
Authority (CH1 and CH2), and Tri County Joint Municipal Authority (TC1 and TC2) were
sampled, and additionally one point for the Southwestern Pennsylvania Water Authority (SW3)
was sampled. All the sampling points located upstream of public service district drinking water
intakes and throughout the distribution network are shown in Figure 3-1.

3.2 Sample Collection
All the water samples were collected on a monthly basis following proper EPA and USGS
approved methods for sample collection to ensure congruity and accuracy. Moreover, WVWRI
has a Standard Operating Procedures (SOP) outline for proper methods for water sample collection
which was also followed diligently. The SOP is a compilation of the Environmental Protection
Agency’s (EPA) Standard operation procedures: Surface Water Sampling and Sampling Ambient
Water Quality for Determination of Metals at EPA Water Quality Criteria Levels.

12

Figure 3-1: Sampling locations for the studied water treatment plants and distribution networks.
The sampling time started from September 2018 till May 2019. Chilled grab samples from the
source water were analyzed for TOC, bromide, and chloride. The collected samples were sent to
the laboratory and all these analyses were conducted by Pace Analytical Services in accordance
with Environmental Protection Agency standardized method. In addition, a YSI multiparameter

13

instrument was also used to collect field measurements for temperature, pH, conductivity, TDS
and dissolved oxygen.

3.3

Data Analytics

The data analytics in this study was performed in a systematic and sequential way. Pearson’s
correlation was first determined to access the baseline conditions of the source water quality. After
checking the collinearity among the parameters, regression models were developed to predict
THMs. Sensitivity analysis was conducted to identify water quality parameters that significantly
affected THMs formation. In addition, bromine substitution factor (BSF) factor was calculated to
access the bromine incorporation.

3.3.1

Pearson’s Correlation

The strength of linear relationship between two variables can be determined by the Pearson’s
correlation. The correlation coefficients were determined for the source water quality parameters
(e.g. temperature, EC, TDS, DO, bromide and chloride levels). When there exists a high
correlation, the linear regression’s estimates will become unreliable. Thereby, the collected data
were examined by the Pearson’s Correlation to the validity of implementing linear regression.

3.3.2

Regression Based Model

Multivariate regression (MLR) analysis is a common method for developing statistical predictive
models. If y is the response variable and 𝑥1 , …, 𝑥𝑚 are the predictor variables, a multiple linear
regression model can be expressed as
𝑦 = 𝛽0 + 𝛽1 𝑥1 + 𝛽2 𝑥2 + ⋯ + 𝛽𝑚 𝑥𝑚 + 𝜖
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In our study, linear regression was applied to examine the relationships between water quality
parameters and TTHMs level in the finished water. Scatter plots and bar charts were also used to
visually summarize the concentration and variations of the water quality data. In addition, another
model was developed using nonlinear regression following Minear and Morrow (1983). The
model was developed using Minitab, a statistical analytical system program for nonlinear modeling
(2019, Minitab LLC). By default, Minitab uses the Gauss-Newton method to determine the least
squares estimation. The method uses a linear approximation to the expectation function to
iteratively improve an initial guess, and then the method keeps improving the estimates until the
relative offset falls below a prescribed tolerance.

3.3.3 Bromine Incorporation in THM
Brominated THMs are heavier than the chlorinated analogs and thereby incorporation of bromine
increases the likelihood of exceeding the THMs level if present in the same molar amount. Gould
et al. (1981) developed a dimensionless bromine incorporation factor (BIF) to calculate the percent
of brominated THMs. As an alternative to BIF, another factor named bromine substitution factor
(BSF) was developed by the Hua et al. (2006) which normalized BIF values to 0 to 1. BSF was
calculated for the source waters in this study using the following formula

𝐵𝑆𝐹 =

1 × [𝐶𝐻𝐶𝑙2 𝐵𝑟] + 2 × [𝐶𝐻𝐶𝑙𝐵𝑟2 ] + 3 × [𝐶𝐻𝐵𝑟3 ]
3 × ([𝐶𝐻𝐶𝑙2 𝐵𝑟] + [𝐶𝐻𝐶𝑙𝐵𝑟2 ] + [𝐶𝐻𝐵𝑟3 ] + [𝐶𝐻𝐶𝑙3 ]

3.3.4 Sensitivity Analysis
Both the linear and nonlinear models were subject to sensitivity analysis to assess sensitivity of
the model outputs to water quality parameters. The distribution of individual source water quality
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parameters was first analyzed, and Weibull distribution (Weibull 1951) matched the data more
appropriately than normal distribution according to Kolmogorov–Smirnov (KS ) test and p value.
Fifty thousand (50,000) simulations were then run with parameter values sampled from individual
Weibull distributions using the Monte Carlo method (Companion by Minitab 5.3, Minitab LLC).
The resultant distributions of the model outputs were plotted and compared.

3.4 Borough of Charleroi Treatment Practices
The Authority of Borough of Charleroi water treatment plant was constructed in early 1900’s and
has gone under major renovations over the years. This plant uses surface water and obtains it from
the west bank of Monongahela River in Washington County. Upstream of the intake, the river
drains lot of watershed containing industrial plants, residential areas with on-lot sewage system,
roads, communities with sewage treatment plants, and areas of deep and surface mine that can
easily impact the water quality characteristics. Multiple barrier approaches have been included in
this plant to protect consumers against pathogen contamination. It operates 24 hours a day and
produces averagely around 3.4 MGD on daily basis.
The plant engages multiple treatment processes in a series to remove turbidity, protozoan cysts
and other microorganisms. The produced water turbidity level needs to be less 0.15 NTU and
disinfectant has to be effective for >1 log inactivation of Giardia cysts according to the
Pennsylvania Filtration Rule. The plant uses direct filtration method along with chemical treatment
to improve the water quality. The plant implements multiple barriers so that microorganisms can
easily be removed while passing from one step to another. The multiple barrier approaches
undertaken at Charleroi are chemical treatment, coagulation, flocculation, microfiltration and
disinfection (Figure 3-2). The water collection begins at the intake pier chamber when the water
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from the Monongahela river passes though the screen before the pier. Then the water flows into
the wet well from the connected chamber. At this point, pumped water from the wet well is treated
with potassium permanganate and a coagulant by mixing through two static mixers. The
coagulated water then kept in the pre sedimentation tank for particle removal. The water then
passes through 250-micron screen and enters the mixing tanks containing a fixed speed vertical
shaft paddler mixer.

Figure 3-2: Schematic of Charleroi water treatment plant

After flocculation, the water passes through the filter units which consist of membrane filter
cassettes. The water is pulled through the membranes by vacuum pumps. The filtered water is then
disinfected with chlorine and discharged to a series of filter box clear wells. In the last stage, water
in the effluent lines from clear well is treated with phosphate and caustic soda. The finished water
is stored in a distribution clear well before pumped to the distribution system.
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Treatment related data were collected from the Borough of Charleroi Water Authority which
included the daily chlorine dose added for the water treatment, quarterly organic carbon test in raw
water, and quarterly THMs levels in the finished water according to the DBPRs. Additional
analyses were conducted to investigate the controlling factors for TTHMs formation.
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CHAPTER 4 : RESULTS AND DISCUSSION
4.1

Baseline conditions of source waters

The sampling period for the study started in Fall 2018 and continued till Spring 2019. As the
D/DBP rule uses a quarterly running annual average, the source water quality characteristics were
shown according to seasonal variations. Table 4-1 lists the averages and standard deviations of
monitored water quality parameters for autumn (September to November), winter (December to
February), and spring (March to May).
Table 4-1: Seasonal averages and standard deviations of source water quality parameters
Variable
Temp °C (Field)
EC (Field) µS/cm
TDS (Field) mg/L
DO mg/L (Field)
pH (Field)
Bromide mg/L
Chloride mg/L
TOC mg/L

Autumn
Mean
St. Dev
13.5
6.8
154
61
141
22.8
13.7
3.3
8.2
0.6
0.03
0.01
6.0
1.8
2.4
0.7

Winter
Mean
St. Dev
5.1
0.9
160
19.3
167
21.1
16.8
3.1
7.9
0.51
0.02
0.02
8.4
2.5
1.7
0.3

Spring
Mean
St. Dev
13.7
4.1
244
51.2
179
31.6
11.9
1.5
7.7
0.20
0.03
0.01
8.8
2.4
1.8
0.5

Information Collection Rule (ICR) (USEPA 1996) was implied to collect data from 296 public
water systems each serving at least 100,000 people from July 1997 to December 1998. Comparing
these datasets with the ICR derived data (Li et al. 2014), the levels of bromide in the source water
seem pretty consistent whereas the TOC values were comparatively lower than the previous
records.
In order to check if there exists any correlation among the parameters, correlation matrix was
calculated for those parameters using the Pearson’s method (Table 4-2). Statistically, when the p19

value is less than 0.05, the correlation becomes significant. All the derived significant correlations
were consistent with the existing trend (Li et al. 2014, Chowdhury 2018). The DO level showed
a strong negative correlation with the field temperature (p = 0.005) as the DO concentration is
largely influenced by the temperature. The correlation value of TOC with temperature showed a
positive relationship indicating that seasonal variation plays an important role in TOC level.
Generally, the high salinity increases the conductivity. During photosynthesis, aquatic plant
removes carbon dioxide from water which may rise the both pH and DO in the water (Zang et al.
2011). The DO level was negatively correlated with TOC, which indicates during summer when
both the TOC and temperature will be higher, it will result in lower DO.
Table 4-2: Correlation matrix for source water quality parameters

EC (field) µS/cm
p-value
TDS (field) mg/L
p-value
DO (field) mg/L
p-value
pH (field)
p-value
Bromide mg/L
p-value
Chloride mg/L
p-value
TOC mg/L
p-value

Temp
(Field)
°C
0.33
0.098
-0.15
0.448
-0.77
.0005
-0.21
0.284
0.03
0.876
-0.45
0.018
0.65
0.0005

TDS
EC (field) (Field)
µS/cm
mg/L

0.71
0.0005
-0.33
0.094
-0.28
0.152
0.27
0.174
0.41
0.035
-0.08
0.684

0.14
0.477
-0.22
0.277
0.29
0.148
0.62
0.001
-0.32
0.103

DO
(Field)
mg/L

0.38
0.050
0.26
0.185
0.20
0.330
-0.56
0.002

Bromide Chloride
pH (field) mg/L
mg/L

0.33
0.089
-0.26
0.190
-0.14
0.483

0.24
0.221
-0.22
0.269

-0.41
0.035

4.2 Linearization of TOC on THM

NOMs are usually quantified in terms of dissolved organic carbon (DOC) which is the filtered
fraction of TOC through a 0.45 µm membrane (Tak and Vellanki 2018) . In this study, TOC was
used as a surrogate for NOM. The results showed that TOC concentration of the intake water of
three water authorities positively correlated with TTHMs formed in the finished water (Figure 420

1). The correlation improved when the data were plotted for individual treatment facility. The
results suggest that THM formation potential varies with the treatment practices of the individual
facility.

R2= 0.38

R2= 0.46

R2= 0.79

R2= 0.57

Figure 4-1: TOC concentration in the source waters vs TTHMs in the finished water at the three
water treatment plants (September 2018 to May 2019).

The TOC concentration of the intake water was found to vary significantly with seasons (Figure
4-2). The concentration was higher during the months of September and October when the
temperature was also higher than the other months. The highest value of TOC, 3.2 mg/L, was
found at Southwestern Pennsylvania Water Authority in September. There were slight increases
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in temperature during March, April, and May, but the TOC levels were still lower than the those
in September.

Figure 4-2: Variations in TOC level of intake water with monthly temperature.
TTHM concentration in the distribution network of Borough of Charleroi Water Authority and Tri
County Joint Municipal Authority exceeded the TTHM limit during September and October.
Though the TTHM was greater than 80 μg/L in SW3 in September, the value was comparatively
lower than the TC and CH (Figure 4-3). TC2 had TTHM level of 122 μg/L and 99 μg/L
respectively during the month of November and May which resulted in violation of maximum
limit of TTHM at that location. For the rest of the months from 2018 till May 2019 there was no
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case of violation in any other sampling locations. But usually in TC2 the concentration was higher
than rest of the locations.

Figure 4-3: TTHM levels in the distribution networks (September 2018-May 2019)

4.3 Distribution of THM species
Although anthropogenic activities may cause elevated bromide in water, bromide concentration
found in the United States are generally quite low, ranging from 0.014-0.2 mg/L (VanBriesen
2013). Our sampling showed that the bromide levels in the intake water were mostly below the
reporting limit (0.01 mg/L). The highest bromide level was found in the intake of Tri County Joint
Municipal Authority which was 0.05 mg/L.
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Our data showed that bromoform was not detected in the distribution networks. Among the
trihalomethanes, chloroform was the most dominant species in all the finished water samples
(Figure 4-4). Dibromochloromethane was the least formed species in the samples. TC2 had the
highest average chloroform concentration among the all monitored locations of the distribution
networks. This is consistent with a previous study conducted by WVWRI (3RQ program) during
February - October 2016.

Legend
Bromodichloromethane
Chloroform
Dibromochloromethane

Figure 4-4 : Distribution of trihalomethane species in the finished water samples.
Despite of the lower bromide levels in the water, the BSF and substitution by mass were also
determined to show the extend of bromine substitution in the THM. This BSF ranged between 0
to 0.27. The incorporation percent of brominated species by mass ranged from 0 to 66 %.
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Figure 4-5: (Top) changes in BSF and % brominated by mass with the source bromide level, and
(Bottom) changes in TTHMs with BSF and % brominated by mass.
Figure 4-5 shows that the bromine incorporation generally increased with the bromide level in
source water. Nevertheless, when checked for the TTHM yield, the incorporations values were
quiet low. It indicated that the chlorinated trihalomethanes were more responsible for the THMs
violation in the studied distribution networks.
25

4.4

Predictive Model

The predictors included in the models were TOC in the intake water, and chloride and temperature
in the distribution network. TOC was included in the model because it directly contributes to THM
formation during chlorination. Chloride concentration was used because it is related to the added
chlorine to the water, and temperature represents the seasonal variation.

R2=0.65

TTHM (µg/L): -2.95*chloride (mg/L) +16.15*TOC (mg/L) +4.65*Temp (in C) -10.52

Figure 4-6: Measured TTHMs vs the predicted TTHMs concentration for linear regression.
The predicted values were then compared with the measured values (Figure 4-6). The analysis
showed that the developed model tends to underestimate the TTHM concentration when TTHM
concentration are above 120 µg/L. Inclusion of actual chlorine dose (other than chloride) and
retention time may yield a better model to predict the TTHMs in the finished water.
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The monitoring data resulted in the following nonlinear regression model:
mg

𝑇𝑇𝐻𝑀 (µg/L) = −18.72 ∗ log(chloride (

L

)) + 100.68 ∗ Temp (in C) + 16.73 ∗ TOC (mg/L)

By comparing the predicted values with the measured values (Figure 4-7), it is evident that the
nonlinear regression model mostly overestimated the TTHM levels in all the water sampling
locations. Thus, the linear regression is more suitable than the nonlinear one for predicting TTHM
for those sampling points.

Figure 4-7: Measured TTHMs vs the predicted TTHMs concentration for nonlinear regression.
4.5

Sensitivity Analysis

The Monte Carlo simulations was generated to observe the sensitivity analysis along with
quantifying the probability of THM violation.
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80 μg/L

80 μg/L

Value of TTHM
Figure 4-8: Monte Carlo simulations of THMs values falling outside of specifications limits (Left)
for linear regression model and (Right) nonlinear regression model.

A range of 0-80 µg/L of THM was selected to observe the cases of violation. Out of 50,000
simulations, 44.7% cases TTHMs fell outside of the MCL for nonlinear regression whereas for
20% cases TTHM fall outside of the MCL for linear regression (Figure 4-8). A summary statistic
of these two simulations are given in the following table:
Table 4-3: Summary statics of the Monte Carlo simulation outputs of the two models.

Summary Statistics

Linear Regression

Nonlinear Regression

Number of Observations

50000

50000

54.7

101.5

37.9

73.6

Mean TTHM (µg/L)
Median TTHM (µg/L)
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The linear regression showed 544 cases of THM levels of negative in the simulation which is in
reality not possible. For the nonlinear regression, the mean TTHM value was 101.5 and that is over
the violation limit. Due to virtual assumptions, the distributions of the predictor variables were
considered randomly in such a way that would hardly occur in natural surface water and hence
such discrepancies might have occurred in the simulations.
The sensitivity analysis showed the same order of importance of the predictor variables for the
both models:𝐶ℎ𝑙𝑜𝑟𝑖𝑑𝑒 > 𝑇𝑂𝐶 > 𝑇𝑒𝑚𝑝. Figure 4-9 and 4-10 contain the sensitivity results for the
linear and nonlinear model respectively. For the linear model, the level of chlorine effect mostly
aligned with the TOC and eventually changes in these two parameters had very similar effects on
standard deviation of the model output. But the variation in temperature resulted in significant
changes of the output standard deviation. The nonlinear regression showed the same trend, but the

Standard Deviation of TTHM

value of the output deviations was higher.

% change of input (e.g. Cl, temp, TOC) standard deviation
Figure 4-9: Sensitivity of the output standard deviation to the predictor variables for linear
regression model.
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Standard Deviation of TTHM

% change of input (e.g. Cl, temp, TOC) standard deviation
Figure 4-10: Sensitivity of the output standard deviation to the predictor variables for the
nonlinear regression model.

4.6 Effect of Prechlorination and Sedimentation tank
Treatment practices at the Borough of Charleroi Water Authority were analyzed to investigate its
effects on TTHM formation. Change of the monthly residual chlorine concentration was
investigated to find whether excessive chlorine concentration existed during the late fall when the
TTHM violation occurred. According to the Figure 4-11, the residual chlorine concentration was
highest during September 2018 and TTHM violation occurred both in CH1 and CH2 in the same
month. There was violation at CH2 during October as well, but the residual chlorine concentration
was lower at that time. The retention time in the water system may have played a role in the
violations. Pre-chlorination was undertaken by adding chlorine to the water before entering the
filtration facility during the end of the December because of the low temperature. This did not
cause TTHM violations, rather the chlorination helped to maintain residual chlorine in the
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distribution system during colder season. Chlorine was added into the water for the second time
after passing through membrane filter unit as part of post chlorination.

Figure 4-11: Effects of Chlorination in THM formation at the Borough of Charleroi Water
Authority in 2018.
The plant is operated in a direct filtration mode and includes chemical treatment and mixing prior
to microfiltration through GE/Zenon membrane modules, disinfection, and phosphate and caustic
soda for distribution system corrosion control. In 2016, two sedimentation basins were used to
provide additional barrier to the passage of waterborne pathogens and to reduce THM formation
in the finished water. To identify the role of sediment tank, the scenario of before the installation
of the sediment tank was compared to the condition after the installation (Figure 4-12). It is evident
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Figure 4-12: Comparison of TTHMs in the distribution network and TOC concentration in raw
water before and after the installation of sedimentation tanks.
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that, before the installation, the elevated TTHM levels were in the range of 123-130 mg/L in the
supplied water with TOC in the raw water ranging from 2.3 to 3.2 mg/L. After the installation of
the tank, TTHM concentrations were lower than those before the installation of the sedimentation
tanks even with higher TOC concentrations in the intake water. Similar trends were observed at
other locations (e.g. Spears Exxon and Rotolos) of the distribution network. This shows the
positive impact of the installation of the sediment tanks on THM control while using membrane
filter.
The Tri County Joint Municipal Authority plant has a similar treatment train except for the
membrane filter; it has conventional sand filters. The treatment system seemed to cause operational
exceedance due to clear well deficiencies previously and it was suggested to monitor the chlorine
feed and disinfection contact time in order to maintain minimum reasonable levels of THMs
(Horvat 2016). Thus, proper care should be taken to maintain required contact time (CT) along
with installing baffles in reservoir for desirable baffling factor. Appropriate baffling factor helps
to adjust the theoretical detention time to more realistic CT by eliminating short circuiting of water
path in reservoir. Low water demand and consequently long retention time of water in the
distribution network is a common reason for THMs exceedances. Flushing so that water can move
through the distribution network should also be taken into consideration. The Southwestern
Pennsylvania Water Authority uses chloramine during the late spring, summer, and autumn
months while the other two plants continuously use chlorine as disinfectant. Though the
Southwestern Pennsylvania Water Authority had highest TOC in most months, the TTHMs levels
were lower than other distribution networks. This clearly shows how the change of disinfectant
from chlorine to chloramine may help to reduce the formation of THMs.
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CHAPTER 5: CONCLUSION

This study aimed to aid the operators to reduce trihalomethane occurrences and levels in small and
mid-size treatment plants by investigating causal linkages between the precursor levels and factors
that contribute to THMs formation. This project was an attempt to develop operational guidelines
to reduce the THM levels based on the source water quality and treatment practices. Several
conclusions have been drawn from our analyses.
•

Temperature was identified as the most significant parameter affecting THMs level given the
TOC content in the source’s waters. Some of the key limitations of the study include short of
source water data that cover full seasonal cycle and lack of in-plant data such as TOC at
different stage of the treatment train.

•

The linear regression model was better than the nonlinear one for the THM prediction in the
finished water of southwestern Pennsylvania authorities. This developed model can be adapted
for other water utilities using plant specific data.

•

As most of the violations occurred during the autumn, special optimization is warranted to
keep the THM level under control. Addressing this fact and undertaking short term changes in
unit operation (e.g. avoiding prechlorination during warmer season) targeting to meet
regulatory compliance can be a viable solution.

•

Effective coagulation and operation of sedimentation basin can provide an additional barrier
to passage of waterborne pathogens as well as controlling THMs formation.
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•

Practices such as minimizing perchlorinating, changing location of chlorination, introduction
of chlorine boosting stations along the distribution network and using chloramines as
secondary disinfectant (Farren 2003) help to reduce the THMs formation while maintaining
required chlorine residual.

•

Water treatment using hydrogen peroxide (H2O2) in conjunction with chlorine to maintain the
residual chlorine demand needs to be studied to determine the feasibility of this process for
THM formation reduction.
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